Micropuncture study of electrolyte transport across papillary collecting duct of the rat. Am. J. Physiol. 224(3): 623-634. 1973.-Samples of collecting duct (CD) fluid were obtained by micropuncture from different sites along the exposed renal papilla of young rats. Fluid was analyzed for inulin-14C, K, Na, and/or Cl. Experiments were carried out in rats on I) normal electrolyte intake or after 2) Na depletion, 3) K depletion, 4) Cl depletion, 5) K loading, and 6) saline loading. Net water and Na reabsorption was observed in all experimental conditions. Na reabsorption was stimulated by Na depletion. The highest rates of Na reabsorption approaching saturation obtained in saline-loaded rats. Net movement of K was frequently absent in control and saline-loaded animals; Na and K depletion resulted in consistent K reabsorption, whereas K loading induced K secretion in some animals. Significant net reabsorption of Cl occurred in control and Cl-depleted animals. From consideration of the electrochemical potential gradient, it is thought that Na, K, and Cl reabsorption across the collecting duct epithelium is active in nature. K transport; Na transport; Cl transport With the exception of a study of aldosterone effects (33) The preparation of the renal papilla was started by careful dissection of the ureter up to the pelvis to a level as close as possible to the papilla. With proper illumination it was possible to see the latter through the wall of the pelvis. The papilla was further exposed by careful section of the remaining proximal part of the pelvic wall. After successful preparation the length of the exposed papilla was about 1 mm.
About 100-l 20 min after starting the infusion, the first transmural puncture of a collecting duct was performed as far proximally as possible at the base of the papilla. The external diameter of the sharpened tip of the collecting pipette had a diameter ranging from 12 to 15 p and was filled with light mineral oil (US Pharmacopeia), stained with Sudan black. After penetration a small droplet of oil was injected into the collecting duct and its flow distally into the area cribrosa followed.
After a proximal collection was started, it was usually possible to maintain an oil block immediately distal to the site of puncture provided low urine flow rates were maintained.
When the latter was high, it was usually not possible to maintain the oil block stationary, and in those instances samples were collected without an oil block. It is unlikely that the fluid was contaminated by downstream aspiration, since the collection was performed against the direction of flow and the flow rate greatly exceeded the collection rate. Care was taken to assure constant and regular collection rate. Immediately following the proximal collection, a sample was obtained from the tip of the papilla by the axial introduction of the pipette into the opening of a collecting duct. Collection times ranged from 1 to 5 min and sample sizes ranged from 50 to 150 nl. In about 50 % of the punctures, the sample duct that was punctured upstream.
The distance between the two collection sites was measured by-means of an ocular micrometer during collection of the sample from, the papillary tip. The procedure of collecting a sample pair was repeated from 3 to 6 times in each animal, i.e., an equal number of samples was obtained in alternate sequence from base and tip of the papilla.
All tubular fluid samples were kept under mineral oil and analyzed the same day for inulin, Na, K, and Cl.
In several experiments vasa recta were punctured and blood samples were withdrawn into oil-filled pipettes that had been siliconized (Desicote, Beckman Instruments, Inc.). After completion of the collection, the pipette was introduced into a microhematocrit tube, one end of which had been sealed with Plasticine (J. L. Hammet Corp., Boston, Mass.). After 10 -min centrifugation at 800 X g, plasma was aspirated into a glass pipette introduced through the oil and kept under mineral oil for electrolyte analysis. Systemic arterial blood samples (0. As reflected by the fall in U/P inulin ratios, urine flow rate was enhanced in all experimental conditions as a result of the various regimes of pretreatment or loading procedures.
No major changes in filtration rate were observed in the various experimental conditions. With respect mental to U/P sodium concentrati .on ratios, two expericonditions deserve mention . First, it is apparent that pretreatment with a low-sodium diet and administration of a Na-free infusion fluid drastically lowers the urinary Na concentration and thus significantly augments the concentration difference between urine and plasma. In contrast, the induction of saline diuresis leads to urinary sodium concentrations significantly in excess of plasma sodium values. This finding confirms previous observations (13) and its likely explanation is a relative excess of fluid over sodium reabsorption along the distal tubule and collecting duct. Concerning urinary U/P potassium ratios, the drastic lowering of urinary potassium concentrations in both sodiumand potassium-deprived rats is noteworthy. The fact that U/P K ratios less than unity obtain in low-K animals is strong evidence for the activation of a powerful reabsorptive mechanism of potassium reabsorption. This is also reflected by the abstraction of an amount corresponding to more than 98 % of the filtered potassium load from the urine under these conditions (U/P K/In: 1.49 %). With respect to fractional sodium excretion rate, the stimulation of sodium reabsorption in sodium-deprived animals confirms previous observations (18). In contrast, sodium excretion is enhanced subsequent to saline loading. With respect to fractional potassium excretion, the reduction to values significantly below control values in low-K and low-Na animals is apparent and confirms previous observations of mature rats (18). It is also evident that the combination of chronic and acute K loading stimulates K excretion to reach values greatly exceeding the filtered potassium load, whereas isotonic and hypertonic sodium chloride loading were less effective in promoting kaliuresis but still greatly enhanced fractional K excretion. A comparison of urine collected from the tip of the left papilla with urine collected from the right kidney indicates some differences with respect to fluid and sodium handling. Table 2 summarizes the composition of collecting duct fluid obtained at the tip as well as at a more proximal site. Fractional excretion of Na was higher at the tip of the exposed papilla than in the contralateral urine in all but the high-K animals (compare U/P Na/In column in Table  1 with F/P Na/In column in Table 2 ). The difference was most marked in animals during maximal sodium conservation (low Na) and during maximal Na excretion (saline loading). In contrast, fractional potassium excretion was affected less by the experimental procedure, and the differences between F/P K/I n values from the tip of the exposed papilla and U/P K/In ratios of the right kidney are small.
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was observed between identical base-tip and different basetip collections, the data of both series of experiments were pooled.
Fluid reabsorption along papllary collecting duct. An increase in the inulin concentration between the two puncture sites Fractional fluid reabsorption showed a tendency toward lower values at the papillary tip of the exposed papilla. The difference was most pronounced in the control, nondiuretic experimental group in which water conservation was greatest.
These observations agree in general with the findings of other investigators that the concentrating ability of the exposed papilla is less than that of the unexposed kidney (3, 31). Relevant are comparisons on the urea content of exposed papillae that showed that the urea content of the papilla decreases in antidiuresis after opening of the pelvis (31), although this effect could not be seen in urea-loaded rats (28). The loss of urea from the exposed papilla, particularly in the concentrating kidney, could be responsible for the lower values of F/P inulin ratios, since fluid abstraction from the terminal collecting ducts is partly due to the osmotic driving force generated by the accumulation of urea in the renal papilla.
The mechanism underlying the reduction in fluid and sodium reabsorption of the exposed papilla is unknown.
It is unlikely that a fall in GFR of the punctured kidney is responsible for the excess fluid and sodium loss, since an acute reduction of GFR has been shown to decrease rather than increase the fractional excretion rate of sodium (14 Table  2 and Figs. l-5). The Na concentration in the control group fell to 48 % of its value at the base by the time the fluid reached the papilla tip. When corrected for the same unit of length, this value is similar to that observed by Jamison (11) but slightly higher than that reported by Hilger et al. decrease was most pronounced in Na-deprived animals in which the low-sodium concentrations in the final urine are largely achieved by the activity of the terminal collecting duct. In contrast, mean F/P Na concentration ratios in saline-loaded animals remained unchanged as fluid passed from the base to the tip of the papilla (Table 2 , Fig. 5 ). The sodium concentrations in the collecting duct fluid during iso-and hypertonic saline loading were clearly higher than plasma values (see Table Z Tables Z-9 ). Fractional reabsorption rates, expressed per millimeter of collecting duct length, varied from 0.36 % of the filtered load to a maximum 2.16 % during isotonic saline loading.
The relationship between Na load at the papilla and net sodium reabsorption along the papillary collecting duct is graphically shown in Fig. 6 . It is apparent that the relationship is load dependent. Whereas net reabsorption of Na increases linearly with the load in the low range of sodium delivery (F/P Na/In ratios at the base not exceeding 0.03), the relationship between Na load and Na reabsorption shows a tendency to saturate at higher delivery rates of sodium to the collecting ducts. An attempt was also made to obtain absolute figures of load to the base of the papilla and of reabsorptions, using in each animal GFR values of the contralateral kidney. It is apparent from inspection of Fig. 6 (lower part) that a similar curvilinear relationship between load and reabsorption obtains. The behavior of Na reabsorption with respect to sodium load along the collecting ducts differs from that of the proximal convolution, the loop of Henle, or the distal tubule where clear-cut evidence in support of saturation of the reabsorption mechanism of Na transport has not been obtained. 
/ . It is also apparent that the rate of fractional sodium reabsorption in low-Na animals is stimulated. In contrast to control animals in which 51 rt: 5 % of the load at the base of the papilla are reabsorbed, 81 & 4 % are reabsorbed in sodium-deprived animals. By comparison, acute iso-or hypertonic saline loading results in reabsorption of a smaller fraction of the Na load at the base of the papilla (28 & 4 %). Clearly, however, absolute rates of reabsorption are dramatically augmented (see Fig. 6 ) due to delivery of much higher Na loads to the collecting ducts in salineloaded animals.
Location Rat
Potassium transport along papillary collecting duct. Similar to the distal tubular transport system, the direction and magnitude of potassium transfer varied along the collecting ducts in response to metabolic stimuli. In control conditions, a variable transport pattern obtained.
In five out of nine animals a component of net K secretion was seen; in four rats net reabsorption occurred (see Table 4 ). These results confirm those of Hilger et al. (9) Significant net secretion of K occurred in 8 out of 13 animals, the highest fraction of K secretion observed in any group of rats. The extent of K secretion varied widely and net K secretion was absent in several animals. It appears that the collecting duct epithelium is potentially capable of signifi-in Na concentration (corrected for water movement) was more than twofold greater than comparable values of K secretion, indicating predominance of Na reabsorption over K secretion. During saline loading net secretion of K was present in only two out of nine rats. Again, in these two animals net Na reabsorption greatly exceeded net K secretion. Only in K-loaded animals, a group in which 8 out of 13 animals demonstrated net K secretion, were the amounts of potassium secreted by the terminal collecting duct close to the amount of Na reabsorbed.
We interpret the described findings on the relationship between sodium reabsorption and potassium secretion to indicate that, normally, sodium reabsorption greatly exceeds K secretion. The observation that the rates of Na reabsorption and K secretion are of similar magnitude in states of maximal K excretion is consistent with the possibility of some coupling between these ion fluxes.
Chloride transport along papillary collecting duct. Concentrations of chloride ions and of inulin along the collecting ducts of control and chloride-depleted animals were measured in a separate series of experiments and are summarized in Tables 10 and 11 . Values of fractional excretion of chloride are presented in Table  9 . It is apparent that the collecting duct epithelium is a nephron site where chloride depletion exerts a dramatic alteration in reabsorptive chloride transport. This is reflected by the development of steeper transepithelial concentration gradients in lcwchloride animals. (Compare chloride F/P ratios at papillary tip and base in control (Table 10 ) and low-chloride (Table  11) animals.)
In low-chloride rats, the mean values of fractional chloride excretion at the base of the papilla were 0.8 % of the amount filtered (39 collections in 11 rats) and Table  12 provides relevant data. Excluded are data from Na-and K-deprived rats in which net reabsorption of both Na and K was found. Table  12  summarizes mean values of Na reabsorption and K secretion. In control animals four out of nine rats showed net secretion of K. In these four animals the average decrease In four rats of this series, Na and K concentrations in tubular fluid were also measured. The mean rate of fractional net reabsorption of Cl in this group was 0.97 % of the amount filtered and that of Na was 1.04 %. Based on a total of 16 measurements in 4 rats, calculation of the mean change in F/P K/In ratios showed absence of significant net movement of K across the terminal collecting ducts. Fractional excretion rate (16 measurements in 4 rats) at the base was 17.0 + 3.0 % and at the tip, 17.0 =I= 4.5 % of the filtered potassium load.
The induction of chloride depletion and infusion of a glucose-mannitol solution resulted in a significant lowering of Cl conce.ntrations in vasa recta plasma. In low-chloride animals, a mean value of 100.4 rt 6.0 mEq/liter (18 measurements in 8 rats) was obtained, compared to the mean value of 209.1 & 4.8 mEq/liter in control animals receiving a moderate saline load. In low-chloride animals the concentration ratio of vasa recta blood/collecting duct fluid was 8.4 A 0.5 (n = 8) compared to a value of 1.3 A 0.2 (n = 3) in control rats. Several aspects of the sodium transport system residing within the papillary collecting epithelium deserve comment.
First, it is apparent that the reabsorptive activity is significantly enhanced by previous dietary salt deprivation and administration of a Na-free infusion along the experiment. This is reflected by the establishment of steeper concentration differences by the time tubular fluid has reached the papillary tip as well as by the increase in fractional Na reabsorption observed under these conditions. It is of interest that the fraction of sodium in CD fluid at the base of the papilla is not reduced in low-sodium animals. With the recognized limitation that these animals were in a slightly more diuretic state (U/P inulin ratio at the papillary tip 112.9 as compared to a ratio of 147.5 in control animals), it nevertheless appears likely that the effect of a low-Na diet manifests itself mainly by stimulation of sodium reabsorption at the collecting duct level. This view is supported by the finding that the amounts of sodium at the late distal tubular level in similarly treated mature rats were not reduced at a time when urinary sodium excretion was reduced and maximal concentration differences were established between urine and plasma (18). Thus, the collecting duct epithelium is the nephron site mainly responsible for the enhanced abstraction of Na from tubular fluid. It is reasonable to assume that this property of the collecting duct reflects its sensitivity to the action of aldosterone. Pretreatment with a low-Na diet stimulates the secretion of aldosterone (16). Uhlich et al. (33) have presented direct evidence of a stimulatory effect of this mineralocorticoid on sodium reabsorption at the level of the papillary collecting ducts. A second relevant aspect of sodium transport along the collecting duct concerns its behavior in the presence of an increased tubular load. It is clear that the reabsorptive rate of Na increases significantly, both in fractional as well as in absolute terms during extracellular volume expansion by saline at a time when the load entering the papillary collect-631 ing ducts is drastically augmented (see Table 2 ). In this respect the collecting duct shares with more proximally located nephron segments, such as the loop of Henle (13) and the distal tubule, the capacity to adjust its rate of reabsorption to the amount of sodium present within the lumen (unpublished observations). Tubular Na concentration is significantly elevated with the delivery of an increased Na load to both the distal tubule (unpublished observations) and the collecting duct (see Table  I , first column). The distal tubular epithelium and the collecting duct epithelium differ, however, in one aspect. During delivery of increasingly larger sodium loads to the former, reabsorption increased without reaching a maximum value, whereas it is clear from inspection of Fig. 6 that the rate of fractional and absolute sodium reabsorption approaches a plateau as the sodium load is progressively increased. This is a rather unique feature of the collecting duct epithelium that contributes to the natriuresis of saline loading, but it becomes apparent only at drastically elevated rates of delivery of fluid and sodium to the terminal nephron segments. It cannot be decided from the present experiments whether the apparent upper limit of sodium reabsorption represents the approach to a true transport maximum or whether it is an effect of extracellular volume expansion on the reabsorptive properties of the collecting duct epithelium. Finally, attention should be drawn to some quantitative aspects of sodium transport that become apparent when late distal and collecting duct data are compared. The first concerns the rather high sodium concentrations that obtain in fluid samples collected from the base of the papilla.
It is clear that a mean TF/P sodium ratio of 0.79 (see Table 2 ) greatly exceeds the sodium TF/P ratios commonly observed at the late distal tubular level. Similar and even higher sodium TF/P ratios (exceeding unity and reaching values in excess of 2.0) have been observed by others (34) . The reason for such high sodium concentrations is not clear. More cortically located segments of collecting tubules must be responsible for such elevated luminal sodium concentrations, either by a disproportionate reabsorptive loss of water in excess of sodium or, alternatively, by substantial backdiffusion of sodium ions from the interstitium into the lumen. That there are marked differences of the behavior of the cortical collecting tubule and the papillary collecting duct becomes apparent from the comparison of their urea permeability.
The latter is low in the cortical collecting tubule (2) but higher, and subject to the regulation by antidiuretic hormone, at the level of the papillary collecting ducts (23). That the transport rate for sodium must be less at the level of the cortical collecting tubule is also strongly suggested by extrapolation of the fractional reabsorption rate observed over 1 mm length to several millimeters, i.e., the distance from the papilla to the cortex. For instance, during saline diuresis, an excess of 2 % of the filtered sodium is reabsorbed per millimeter of collecting duct length. If a similar rate of sodium reabsorption were to take place over the entire length of cortical collecting duct and papillary collecting duct, i.e., a distance of several millimeters, the total fraction of sodium reabsorbed (some 6-10 %) would greatly exceed the value of l-2 %, which has been found to be the difference between late distal and final urinary excretion rates under these conditions (( 13) and un- In contrast, net reabsorption of potassium was a consistent finding in rats that had been maintained on either a low-K or low-Na diet. These results confirm the conclusions of Malnic et al. (18) force for net potassium secretion. Accordingly, net potassium secretion would more consistently be observed by evaluating collecting duct function over a longer tubular segment than was done in the present study.
In the absence of simultaneously measured transepithelial potential differences, the mechanism underlying potassium transfer cannot unequivocally be defined. tions. On the other hand, it is virtually certain that net potassium reabsorption against a sizable concentration difference would be an active process, since under no conditions has the collecting duct lumen been found electrically positive.
Our data on simultaneously occurring sodium and potassium movement across the papillary collecting duct do not provide an answer to the question of coupling between the transport rates of those two ions. In the distal tubule the amount of sodium ions reabsorbed is far greater than the amount of potassium secreted (4). Only in the potassiumloaded group of rats was the amount of potassium ions secreted of similar magnitude as that of sodium ions reabsorbed (Table  12 ). I n all other experimental conditions, net movement of sodium and potassium was either in the same direction (Na-and K-deprived animals) or the rate of sodium reabsorption significantly exceeded that of potassium secretion. In the absence of a clear-cut stoichiometric relationship between sodium and potassium movement, the data do not allow for a distinction between carrier-mediated exchange between sodium and potassium movement or a passive exchange between these ion species mediated by the electrical potential difference across a tubular segment with low anion permeability (17). Chloride transport. Several recent observations have raised the possibility that chloride ions may be transported across both the distal tubule as well as across the collecting duct epithelium by active transport mechanisms. These arguments are based on the observation that either the electrical potential difference (27,32) or the specific epithelial chloride
